Duchenne muscular dystrophy (DMD) is a fatal genetic disease caused by the absence of the sarcolemmal protein dystrophin. Dilated cardiomyopathy leading to heart failure is a significant source of morbidity and mortality in DMD. We recently demonstrated amelioration of DMD heart disease in 16 to 20-m-old dystrophin-null mdx mice using adeno-associated virus (AAV) mediated micro-dystrophin gene therapy. DMD patients show severe heart disease near the end of their life expectancy. Similarly, mdx mice exhibit profoundly worsening heart disease when they reach beyond 21 months of age. To more rigorously test micro-dystrophin therapy, we treated mdx mice that were between 21.2 to 22.7-m-old (average, 22.1 ± 0.2 months; N=8). The ΔR4-23/ΔC microdystrophin gene was packaged in the cardiotropic AAV-9 virus. 5 × 10 12 viral genome particles/ mouse were delivered to mdx mice via the tail vein. AAV transduction, myocardial fibrosis and heart function were examined 1.7 ± 0.2 months after gene therapy. Efficient micro-dystrophin expression was observed in the myocardium of treated mice. Despite the robust dystrophin expression, myocardial fibrosis was not mitigated. Most hemodynamic parameters were not improved either. However, ECG abnormalities were partially corrected. Importantly, treated mice became more resistant to dobutamine-induced cardiac death. In summary, we have revealed for the first time the potential benefits and limitations of AAV micro-dystrophin therapy in end-stage Duchenne dilated cardiomyopathy. Our findings have important implications for the use of AAV gene therapy in dilated cardiomyopathy and heart failure.
Introduction
The 427 kd dystrophin protein is essential for the survival of cardiomyocytes. In Duchenne muscular dystrophy (DMD) and certain X-linked dilated cardiomyopathy, dystrophin expression is abolished in the heart due to various mutations in the dystrophin gene and/or its promoter. The pathogenesis of dystrophin-deficient Duchenne cardiomyopathy is not completely understood [1, 2] . The current model suggests that the loss of dystrophin weakens sarcolemmal integrity. Further, dystrophin deficiency perturbs cellular signaling and channel activity in cardiomyocytes. The diseased heart shows myocardial necrosis, inflammation and fibrosis. At the advanced stage, patients develop dilated cardiomyopathy and many die from heart failure.
Mdx mice are naturally occurring dystrophin-null mice with an average life span of approximately 22.5 months [3, 4] . Despite dystrophin deficiency, the heart of young adult mdx mice is minimally affected. In contrast, terminally aged (>21-m-old) mdx mice show severe heart disease identical to that seen in end-stage Duchenne cardiomyopathy patients. At this time, the mdx heart becomes highly fibrotic and dilated [5] [6] [7] . Lethal heart failure at this age contributes substantially to the premature death.
An appealing therapeutic approach for Duchenne cardiomyopathy is to express a microdystrophin gene via an adeno-associated viral vector (AAV) [1, 2] . A micro-dystrophin protein is approximately one-third the size of the full-length protein. Despite significant truncation, AAV-mediated microgene therapy has yielded amazing cardiac protection in mdx mice that are less than 20 months of age [7] [8] [9] [10] [11] [12] . A more challenging question is whether AAV-micro-dystrophin therapy can treat mdx cardiomyopathy at its most severe stage (i.e. at the terminal age).
In this study, we performed AAV micro-dystrophin therapy in eight mdx mice that were between 21.2 to 22.7-m-old (average 22.1 ± 0.2 months) ( Table 1 ). 5 × 10 12 viral genome (vg) particles/mouse of AAV-9 ΔR4-23/ΔC micro-dystrophin vectors were injected via the tail vein (Table 1) . AAV transduction, myocardial fibrosis and heart weight ratio were examined. To determine functional outcome, we performed ECG, cardiac catheter and dobutamine stress assays. Robust micro-dystrophin expression was observed in non-fibrotic areas in the heart. However, we did not see an appreciable reduction of myocardial fibrosis in treated mice. ECG assay revealed some improvement but cardiac catheter assay showed minimal changes in hemodynamics. Nevertheless, AAV microgene therapy increased resistance to dobutamine-induced cardiac death. Our results reveal for the first time the potential benefits and limitations of AAV-mediated micro-dystrophin therapy in end-stage Duchenne dilated cardiomyopathy.
Materials and Methods

Animal model development, recombinant viral vector production and treatment protocol
Animal experiments were approved by the University of Missouri Animal Care and Use Committee and in accordance with NIH guidelines. Experimental mice were generated in a barrier facility using founders from The Jackson Laboratory (Bar Harbor, ME). Only female mice were used in the study. At the time of AAV micro-dystrophin therapy, the average age of mdx mice was 22.1 ± 0.2 months (range, 21.2 to 22.7 months). A total of eight mdx mice received AAV microgene therapy. ECG assay was performed in six AAV treated mice. Left ventricular catheterization was performed in five AAV treated mice. All physiologic assays were performed in age-matched mice. All mice were maintained in a specific-pathogen-free animal care facility. Due to decreased mobility in aged mdx mice, moistened transgenic dough diet (BioServ, Frenchtown, NJ) was placed in a shallow dish on the floor of the cage. All experimental mice were carefully monitored daily.
The micro-dystrophin gene AAV vector has been reported before [7-9, 13, 14] . This microgene contains the N-terminal domain, hinge 1, 2 and 4, spectrin-like repeats 1, 2, 3 and 24 and the cysteine-rich domain. Expression was driven by the cytomegalovirus promoter. Recombinant AAV virus was packaged in AAV-9 capsid. A single dose of AAV microgene vector (5 × 10 12 vg particles/mouse) was delivered to conscious mice via tail vein injection. Mice were evaluated 1.2 to 2.5 months (average 1.7 ± 0.2 months) after treatment.
Evaluation of micro-dystrophin expression and myocardial fibrosis
Morphology studies were performed on 8 μm cryo-sections. The micro-dystrophin gene expression was examined with a monoclonal antibody against the N-terminal domain of the dystrophin protein (Manex1A, 1:300, clone 4C7, IgG2b; a gift from Dr. Glenn Morris, The Robert Jones and Agnes Hunt Orthopaedic Hospital, UK) [15] . Immunofluorescence staining was performed according to our previously published protocol [8, 10, 16] . Cardiac fibrosis was evaluated by two different methods. For immunofluorescence detection of fibrosis, wheat germ agglutinin (WGA)-Oregon Green conjugate (Molecular Probes, W6748; 5 ug/mL PBS) was used. For histochemical detection, Masson trichrome staining was used as we reported before [6, 7, 16] . Photomicrographs were taken with a Qimage Retiga 1300 camera using a Nikon E800 fluorescence microscope.
Cardiac function assays
Heart function was evaluated by ECG and cardiac catheterization. ECG was performed using a system from AD Instruments (Colorado Springs, CO) as described elsewhere [17] . Heart hemodynamics were examined using a 1.4 F Millar catheter. The pressure/volume data were analyzed using the PVAN software (Millar Instruments, Houston, TX). Dobutamine survival assay was performed by intraperitoneal injection of dobutamine (5 μg/ g body weight; Sigma, St. Louis, MO). Survival was monitored for 15 min. Cardiac death was diagnosed when heart rate was reduced to less than 250 bpm and systolic pressure dropped to less than 30 mmHg.
Statistical Analysis
Data are presented as mean ± standard error of mean. The SPSS software (SPSS, Chicago, IL) was used for statistical analysis of weight data, ECG and hemodynamic results. One-way ANOVA analysis and Bonferroni post hoc analysis were used for multiple group comparisons. Dobutamine stress survival was analyzed by the Prism 4 software (GraphPad, San Diego, CA) using the Kaplan-Meier method. The Mantel-Cox log-rank test was used for statistical analysis of survival with the Bonferroni corrected threshold used for determining significance. A p < 0.05 was considered as statistically significant.
Results
AAV-9 micro-dystrophin vector efficiently transduced cardiomyocytes in mdx mice older than 21 months
AAV delivery was successfully achieved in eight terminally aged (>21-m-old) mdx mice (Table 1) . Each mouse received a single dose of 5 × 10 12 vg particles of AAV-9 microdystrophin vector via the tail vein. The heart was collected from all experimental mice for immunofluorescence staining and histology study. Cardiomyocyte transduction was evaluated by immunofluorescence staining using Manex 1A, a dystrophin N-terminal specific antibody ( Figure 1, Supplementary Figure 1 ). Fibrotic region was revealed with Oregon Green 488-conjugated wheat germ agglutinin on the same slide. Robust microgene expression was observed in the myocardium in every treated mouse. A representative image from the oldest treated mouse (AAV injection at the age of 22.7 months and tissue harvest at the age of 24.8 months) is shown in Figure 1 . Except for areas that were highly fibrotic, strong micro-dystrophin expression was seen in cardiomyocytes throughout the heart (Figure 1 ).
Micro-dystrophin therapy did not reduce myocardial fibrosis in terminally aged mdx mice
To further examine myocardial fibrosis, we performed Masson trichrome staining ( Figure  2 ). The heart of age-matched normal BL10 mouse showed minimal fibrosis (Figures 1b, 2) . In contrast, extensive fibrosis was detected in the heart of terminally aged mdx mice (Figures 1b, 2 ). The myocardium of AAV microgene injected mice resembled that of untreated mdx mice (Figures 1, 2) . There was no appreciable reduction of myocardial fibrosis following micro-dystrophin therapy. Heart weight (HW) and ventricle weight (VW) were not different between treated and untreated mdx mice ( Table 2) . AAV microgene therapy also did not alter the HW to body weight (BW) ratio and the VW to BW ratio ( Table  2 ).
AAV micro-dystrophin therapy partially corrected dystrophic ECG abnormalities
The post-treatment ECG was successfully recorded in six AAV micro-dystrophin treated mice (ECG recording failed in two treated mice) ( Table 1 ). Compared to age and gender matched BL10, untreated mdx mice showed a higher heart rate and significantly reduced PR interval. QRS duration, QT interval, Q amplitude (absolute value) and the cardiomyopathy index were all significantly higher in untreated mdx mice (Figure 3) . Interestingly, AAV treated mdx mice showed a heart rate significantly lower than that of normal and untreated mdx mice. AAV micro-dystrophin treatment significantly prolonged PR interval and shortened QRS duration (Figure 3 ). However, AAV microgene therapy did not alter QT interval, Q amplitude and the cardiomyopathy index (Figure 3 ).
AAV micro-dystrophin therapy failed to improve left ventricular hemodynamics but reduced dobutamine-induced acute cardiac death
Left ventricular catheterization was successfully performed in five treated mice (Table 1) . Representative pressure-volume (PV) loops from normal, untreated mdx and AAV treated mdx mice are shown in Figure 4A . Compared to that of normal controls, the PV loops of untreated mdx mice shifted rightward (chamber dilation) and downward (pressure reduction) ( Figure 4A ) [5, 6] . AAV micro-dystrophin treatment resulted in minimal change in the PV loops. The pressure curve of the treated mice was not different from that of untreated. The volume curve shifted slightly leftward in the treated mice, suggesting a reduction of chamber dilation ( Figure 4A ).
Statistical analysis was performed on hemodynamic data ( Figure 4B ). The vast majority of hemodynamic parameters were not altered by AAV micro-dystrophin therapy ( Figure 4B) . Specifically, the end-systolic volume, the maximal pressure, the maximal rate of left ventricular contraction (dP/dt max) and the minimal rate of left ventricular relaxation (dP/dt min) were identical between treated and untreated mdx mice. The end-diastolic volume and the time constant for heart relaxation (tau) showed a trend toward reduction but did not reach statistical significance. Indices of overall heart performance (ejection fraction, stroke volume and cardiac output) were not improved by AAV microgene therapy ( Figure 4B ).
To further evaluate the therapeutic efficacy, we applied dobutamine stress. Most untreated mdx mice died within the first 3 min and the longest survival was 7 min (Figure 4C ). None of BL10 mice died within the first 15 min. One AAV treated mdx mouse died at 3 min and another died at 11 min. Remaining micro-dystrophin treated mice survived up to 15 min, the last time point of observation ( Figure 4C) . The difference between BL10 and AAV treated mdx mice was not statistically significant (p = 0.101).
To help determine the reason for improved survival under dobutamine stress, we examined left ventricular function at 5 minutes after dobutamine injection in surviving mice (Supplementary Figure 2) . BL10 mice showed an appropriate inotropic response with significant increases in dP/dt max, stroke volume and cardiac output (Supplementary Figure  2, top panel) . Importantly, the AAV treated mdx mice also showed tolerance of the adrenergic stimulation with a significant increase in dP/dt max. Stroke volume and cardiac output showed a trend towards improvement but did not reach statistical significance (Supplementary Figure 2, bottom panel) . Untreated mdx mice developed decompensated left ventricular failure and we were unable to collect post dobutamine data.
As an additional effort to understand cardiac functional changes following AAV microdystrophin treatment, we examined several calcium handling proteins including calsequestrin and cardiac isoform of sarcoplasmic reticulum calcium ATPase (SERCA2a) [18, 19] . Interestingly, microgene therapy did not significantly altered calsequestrin and SERCA2a levels in the heart of terminally aged female mdx mice (data not shown).
Discussion
AAV-mediated micro-dystrophin gene therapy has been considered as a promising therapy for dystrophin-deficient cardiomyopathy. Until recently, most studies have focused on young adult mdx mice that lack typical clinical manifestation of dilated cardiomyopathy [8, [10] [11] [12] . Collectively, AAV microgene therapy significantly stabilized the sarcolemma, repressed myocardial fibrosis, and improved ECG performance and the hemodynamic profile in these young mdx mice. In other word, early intervention with micro-dystrophin may effectively prevent dystrophic heart disease. To test whether AAV microgene therapy ameliorates ongoing cardiomyopathy, Bostick et al treated 16 to 20-m-old mdx mice [7] . Encouraging results were seen on histologic examination and cardiac function assays. Specifically, myocardial fibrosis was significantly reduced as measured by Masson trichrome staining and hydroxyproline quantification. On ECG assay, Q wave amplitude and QT interval were rectified. On hemodynamic assay, the majority of systolic and diastolic parameters were corrected [7] . Despite the overall favorable changes, mice that were treated at 20 months of age seemed to show less improvement than those that were treated at 16 months [7] . This raises an important question. Will micro-dystrophin therapy benefit patients that are already at the advanced disease stage? Mdx mice are the most widely used animal models for DMD. Interestingly, mdx heart disease displays a unique age-associated pattern [1, 2] . Evident dilated cardiomyopathy has only been confirmed in ≥ 21-m-old female (but not male) mdx mice [5, 6] . For this reason, treatments performed in >21-m-old mdx mice may more accurately predict the possible outcomes in Duchenne cardiomyopathy patients. However, studying end-stage mdx mice is not a trivial task. First, it is very difficult to get sufficient number of mice at this age group. Second, experimental subjects may die naturally at any moment because they are already near the end of their life span. Third, severe muscular dystrophy in aged mdx mice renders it extremely difficult to conduct experimental procedures (such as gene transfer, ECG and cardiac catheter assays) in these mice.
Though a daunting challenge, considering the potential implications to future clinical translation, we proceeded with the study in mdx mice that were near the end of their life span (>21-m-old). Among eight mice that were successfully injected with AAV, two died before any functional assay was performed. Another one died during cardiac catheterization. ECG from six treated mice and hemodynamic data from five treated mice were analyzed for statistical significance.
We initially thought that extensive myocardial fibrosis in terminally aged mdx mice might hinder AAV spreading and hence reduce transduction. Surprisingly, this did not occur. Robust micro-dystrophin expression was observed in cardiomyocytes throughout the entire heart despite prevailing collagen deposition in the myocardium (Figure 1, Supplementary  Figure 1) . Gene replacement may prevent further deterioration of a dystrophin-null myofiber but it cannot revert dead cells that have already been replaced by fibrotic tissue. Consistent with this notion, there was negligible change of myocardial fibrosis in treated mice (Figures  1 and 2) . This is an important point since significant hydroxyproline reduction was noticed in mdx mice that were treated before 20-m-old [7] . Together, these data suggest a rapid progression of dystrophic cardiomyopathy in terminal aged mdx mice. Further, it highlights the importance of early intervention. Treatment started only a couple of months earlier may result in substantial histology improvement.
Several hypotheses have been proposed to explain abnormal ECG changes in DMD. These include myocardial fibrosis, fatty infiltration, vacuolar degeneration, abnormal nitric oxide synthase activity and imbalanced sympathetic/parasympathetic tone [20] [21] [22] [23] . In terminally aged mdx mice, micro-dystrophin therapy did not affect QT interval and Q wave amplitude ( Figure 3 ). However, in less than 20-m-old mdx mice, AAV-mediated micro-dystrophin expression normalized QT interval and Q wave defects. On the other hand, shortened PR interval and prolonged QRS duration were ameliorated in both age groups (whether treated before 20 or after 21 months of age). An interesting difference between two studies is myocardial fibrosis. In > 21-m-old mdx mice, the extent of myocardial fibrosis remained the same irrespective of microgene therapy (Figure 2 ). However, myocardial fibrosis was significantly reduced in mice that were treated before 20 months of age [7] . It appears that reducing fibrosis correlates with the improvement of QT interval and Q wave amplitude but not with the correction of PR interval and QRS duration. Future studies are warranted to further dissect these intriguing observations. In summary, the aberrant ECG seen in Duchenne cardiomyopathy may likely reflect multiple pathogenic mechanisms that could be either structural or non-structural.
Another peculiar ECG finding is the reduction of heart rate in AAV micro-dystrophin infected mdx mice (Figure 3) . We currently do not have an explanation for this intriguing observation. However, this appears a consistent finding. Besides the current study, we have also observed the same phenomenon in 19-m-old mdx mice treated with AAV microdystrophin vector and in 12-m-old mdx mice treated AAV SERCA2a vector [7, 24] . Further studies are needed to clarify this mysterious finding.
Perhaps one of the most striking findings is the hemodynamic response to AAV microdystrophin therapy. Treatment started before 20 months of age resulted in clear-cut improvement in both systolic and diastolic function. Further, ejection fraction, stroke volume and cardiac output were all significantly increased following AAV microgene therapy [7] . In contrast, none of the systolic indices were corrected in mdx mice treated after 21 months of age ( Figure 4B ). For diastolic parameters, dP/dt min was not improved in mice treated at the terminal age. End diastolic volume and heart relaxation time constant (Tau) showed a trend of reduction but the difference was not statistically significant ( Figure 4B ). Overall markers of heart function (as reflected by ejection fraction, stroke volume and cardiac output) remained compromised when AAV microgene vector was delivered to >21-m-old mdx mice ( Figure 4B ).
Despite a lack of apparent influence on baseline hemodynamics, micro-dystrophin expression enhanced the tolerance of terminally aged mdx mice to β-adrenergic stress ( Figure 4C ). When stimulated with dobutamine, the survival rate of AAV treated mice was significantly higher than that of untreated mdx mice ( Figure 4C ). We evaluated left ventricular function after dobutamine stress to help elucidate the underlying mechanisms for the improved survival following adrenergic stimulation. Mdx mice treated with AAV microdystrophin showed the expected improvement in dP/dt max along with a trend towards improved stroke volume and cardiac output (Supplementary Figure 2) . These findings suggest that AAV micro-dystrophin therapy strengthens the aged mdx heart, allowing appropriate inotropic improvements after β-adrenergic stimulation. This protection prevented decompensated left ventricular failure as was seen in the acute death of untreated mdx mice.
Taken together, our results in >21-m-old mdx mice have revealed for the first time the limitations of AAV micro-dystrophin gene therapy in severe Duchenne cardiomyopathy. Unlike what has been reported in younger mice, microgene replacement therapy alone may not provide significant hemodynamic benefit once dilated cardiomyopathy has reached the final stage. There is no doubt that early therapy is necessary for the best protection. However, this may not always be the case in a clinical scenario. For severe patients, one may need to develop supplementary gene therapy to directly target heart failure. In this regard, AAV-mediated SERCA2a expression may represent a promising strategy to boost micro-dystrophin therapy [24] [25] [26] [27] .
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Highlights
• AAV-9 efficiently transduced end-stage dystrophic myocardium.
• Micro-dystrophin gene therapy in end-stage Duchenne cardiomyopathy mouse model.
• Micro-dystrophin improved ECG but not heart fibrosis in terminal aged mdx mice.
• AAV-9 Micro-dystrophin did not correct hemodynamic defects in >21-m-old mdx mice.
• AAV-9 micro-dystrophin prevented death from dobutamine stress in end-stage mdx mice. Myofibers that were successfully transduced by the AAV microgene vector showed bright red sarcolemmal staining. Fibrotic collagen deposition was revealed with Oregon green 488-conjugated wheat germ agglutinin (green). A, Representative immunofluorescence staining photomicrograph of the whole heart from a micro-dystrophin treated mdx mouse. B, Representative high power immunofluorescence staining photomicrographs of the heart from treated and untreated mdx mice, and normal BL10 mice. The images of AAV treated mdx mice correspond to the boxed area in panel A. Representative heart photomicrographs of Masson trichrome staining from age and gender matched BL10, untreated mdx and AAV micro-dystrophin treated mdx mice. Fibrotic region is in blue color. Quantitative evaluation of ECG profiles from BL10, mdx and AAV treated mdx mice. HR, heart rate; bpm, beat per min; Q Amp, Q wave amplitude; C. Index, cardiomyopathy index. Asterisk, significantly different from the other two groups. A, Representative pressure-volume loops from BL10, mdx and AAV treated mdx mice. B, Quantitative evaluation of hemodynamic profiles from BL10, mdx and AAV treated mdx mice. Asterisk, significantly different from the other two groups; Cross, significantly different from mdx only. C, Kaplan-Meier survival curve within 15 min of dobutamine administration. N=7 for BL10, N=4 for untreated mdx, and N=5 for AAV treated mdx. The P value between BL10 and mdx is 0.0011. The P value between BL10 and AAV treated mdx is 0.101. The P value between untreated and AAV treated mdx is 0.0154. 
